Abstract -We propose an oscillatory neural network implemented with twodimensional tantalum disulfide devices operating in the change density wave regime at Index Terms-Charge density waves, two-dimensional materials, oscillatory network.
I. INTRODUCTION
resently, there is a strong motivation for development of a new generation of information processing systems, which function on the principles of biological or neuromorphic computing 1 . Such systems would drastically increase the computing efficiency in solving specific problems, particularly in image processing and pattern recognition. The neuromorphic computer, unlike the von Neumann computer, does not execute a list of commands, which constitute a program. Its major aim is not a generalpurpose computation but rather special task data processing via the collective dynamics of the cells in the network 2 . The concept of a cellular neural network (CNN) was first formulated by Chua 3 . CNN is a two (three or more) dimensional array of mainly identical dynamical systems, called cells, which satisfy two properties: (i) most interactions are local within a finite radius, and (ii) all state variables are signals of continuous values. In subsequent works, the CNN paradigm evolved in many ways, and its computing capabilities in image processing and pattern recognition have been successfully demonstrated [4] [5] [6] [7] . In recent years, the CNN concept attracted growing interest as a promising architecture for future information processing systems implemented with nanometer scale devices and structures 8 . Potentially, CNN comprising nano-cells will have a tremendous integration density, as well as specific architecture features originating from the unique output characteristics. A comprehensive review of nanoscale devices for the next generation computers is given in 9 .
Oscillatory neural network is one of the promising approaches for development of the next generation computers. In such a network, an elementary cell comprises an oscillator circuit. The cells are locally coupled and may share a common node. The memorized and test patterns are encoded in the parameters of the oscillators. The collective behavior of the coupled oscillators is utilized for pattern recognition. There is a variety of nanoscale devices suitable for integration in an oscillatory network. An example of the oscillatory network with the coupled spin-torque oscillators is described in 10 . In general, an oscillatory network has two modes of operation: (i) the fixed point mode and (ii) the oscillatory mode. In the fixed point mode, the memories are stored as the fixed points of the network dynamics, whereas in the oscillatory mode they are In this work, we propose an oscillatory network based on two-dimensional (2D) tantalum disulfide (TaS 2 ) devices 11 . Specifically, we used 1T polytype of TaS 2 , which undergoes the transition from a normal metallic phase to the charge density wave (CDW) phases at high temperature. The CDW state is a macroscopic quantum state formed via a periodic modulation of the electronic charge density accompanied by a periodic distortion of the atomic lattice in a quasi-1D or quasi-2D layered metallic crystal [12] [13] [14] [15] . Some materials reveal several CDW phases with different transition temperatures.
It is known that 1T-TaS 2 transforms from a normal metallic phase to an incommensurate CDW (IC-CDW) phase at 545 K, to a nearly commensurate CDW (NC-CDW) phase at 350 K and, finally, to a commensurate CDW (C-CDW) phase at 180 K
11
. Each phase transition is accompanied by a lattice reconstruction, which results in strong changes of the electrical properties of the material. The transition between the phases can be triggered by an applied voltage. We used 1T-TaS 2 as the device channel material where electrical current is switched by inducing transition between IC-CDW and NC-CDW states 11 . The integration of two 1T-TaS 2 devices provides a simple, miniaturized, voltage-controlled oscillator. A large number of 1T-TaS 2 oscillators can be integrated in a network, where the coupling between the oscillators can be controlled by graphene transistors.
The rest of the paper is organized as follows. In the next Section II, we outline the structure and fabrication of 1T-TaS 2 -graphene devices, and present experimental current-voltage (I-V) characteristics. In Section III, we describe the oscillatory neural network and present results of the numerical simulations illustrating the operation and collective behavior in the network. The experimental I-Vs are used as input data for our numerical model. The discussion and conclusions are given in sections IV and V, respectively.
II. DEVICE STRUCTURE AND CHARACTERISTICS OF 1T-TAS 2 -BASED OSCILLATOR
Metal-insulator-transition (MIT) is the physical mechanism leading to the selfsustained oscillation. The simplest oscillatory circuit consist of one MIT device and a passive resistor as described in Ref. 16 . In order to demonstrate self-sustained We fabricated a number of prototype devices for the proof-of-concept demonstration using mechanical exfoliation and transfer process. Briefly, the fabrication can be summarized in the following steps. Thin 1T- TaS 
III. DEVICE MODEL AND RESULTS OF THE NUMERICAL MODELING
We adopt the metal-insulator-transition (MIT) device model from Ref. 
The only difference from the D-R case is that the effective charging happens through g 1dm and effective discharging through g 2dm . The conditions leading to the self-sustained oscillation are illustrated in Fig. 3(B) . Due to the symmetry in I-V characteristics, two MIT devices are biased in such a way, that the phase transition in each device occurs 6 | P a g e 6 before the system reaches one of the four stable points. In this scenario, as one of the MIT devices changes its state from metallic to insulator, the second MIT device has phase transfer from insulator to metal state, and vice versa. As a result, the system of two MIT devices forms a complementary pair, where one of the devices is in high resistance state, while the other is in low resistance state. Fig. 4(C) 
IV. DISCUSSION
There are several technological advantages inherent to 1T-TaS 2 -graphene devices including scalability, high operation frequency, fast synchronization, voltage control of operational frequency, flexibility, radiation hardness and room temperature operation.
It is well known that G-FETs show relatively low I on /I Off ratio due to the absence of a 9 | P a g e 9 band gap, which is significantly narrows the perspectives of using G-FETs in conventional digital logic 20 . In our proposed architecture, G-FETs are utilized for the oscillatory circuits coupling, where the I on /I Off ratio of 100 is sufficient for switching between the resistive and capacitive regimes. At the same time, G-FETs can operate at very high frequencies of hundreds of GHz 21, 22 . The transitions between IC-CDW and NC-CDW phases in 1T-TaS 2 channel can reach frequencies of ~1 THz 23 . These considerations suggest that the frequency of operation of 1T-TaS 2 -G-FET devices can be increased substantially compared to the one demonstrated experimentally. In the present experiments, the frequency is limited by the extrinsic RC time constants of the probe station measurement apparatus. The intrinsic resistances and capacitances can be reduced by scaling. It is important to note that 1T-TaS 2 -based oscillator circuits do not require any micro-or nano-inductor components, which is one of the major issue for integrated magnetics 24 . Additional advantage of the selected material systems is that graphene and h-BN layers in the device structure have extremely high thermal conductivity 25, 26 , and, as a result, act as heat spreaders. Graphene is a very promising candidate for applications in flexible electronics due to its high carrier mobility and mechanical flexibility 27 . The combination of graphene transistors with 2D 1T-TaS 2 may pave a road towards the new generation of flexible circuits. For some applications, e.g. deep-space probes, radiation hardness is an important metric. The considered 1T-TaS 2 -G-FETs are allmetallic devices, which are less susceptible to radiation damage than semiconductors.
There have been a number of attempts to implement all-metallic switches and circuits, ranging from metal dot single electron transistors, to metallic carbon nanotube devices, and metallic nanowire transistors [28] [29] [30] [31] [32] . Our CDW devices belong to the same class of devices that do not use semiconductor components. The results of our numerical modeling show fast synchronization among the coupled oscillators. It takes only a couple of cycles for the 1T-TaS 2 -graphene device for transition from the inphase to the out-of-phase oscillatory states. This is another important benefit of the proposed technology.
The presented data suggests that overall, the unique output characteristics of 1T-
TaS 2 devices are of great potential for implementation in phase-based logic devices using oscillatory nano-systems 33 . Phase logic was invented by Eiichi Goto and John von Neumann in the middle of the last century 34, 35 . The key idea of this approach is to exploit two (or more) distinct oscillating steady states for logical states representation.
The first phase-based logic devices were built more than sixty years ago primarily in ) has led to the growing interest in phase-logic devices able to overcome the limits of von Neumann's schemes.
V. CONCLUSIONS
We presented a design of an oscillatory neural network based on integrated 1T- TaS 
